Sequencing was used to investigate the origin of the D genome of the allopolyploid species Triticum aestivum and Aegilops cylindrica. A 247-bp region of the wheat D-genome Xwye838 locus, encoding ADPglucopyrophosphorylase, and a 326-bp region of the wheat D-genome Gss locus, encoding granule-bound starch synthase, were sequenced in a total 564 lines of hexaploid wheat (T. aestivum, genome AABBDD) involving all its subspecies and 203 lines of Aegilops tauschii, the diploid source of the wheat D genome. In Ae. tauschii, two SNP variants were detected at the Xwye838 locus and 11 haplotypes at the Gss locus. Two haplotypes with contrasting frequencies were found at each locus in wheat. Both wheat Xwye838 variants, but only one of the Gss haplotypes seen in wheat, were found among the Ae. tauschii lines. The other wheat Gss haplotype was not found in either Ae. tauschii or 70 lines of tetraploid Ae. cylindrica (genomes CCDD), which is known to hybridize with wheat. It is concluded that both T. aestivum and Ae. cylindrica originated recurrently, with at least two genetically distinct progenitors contributing to the formation of the D genome in both species.
P OLYPLOIDY, the presence of more than one gepopulations, thereby increasing genetic diversity over nome per cell, is a common speciation mechanism that achieved via a single hybridization event (Soltis in the plant kingdom and a large proportion of plants and Soltis 1993 Soltis , 1999 . Recurrent or multiple polyare either recent or ancient polyploids (Stebbins 1950;  ploidization events therefore may be an important Soltis and Soltis 1993; Leitch and Bennett 1997;  source of novel genetic diversity that allows polyploids Otto and Whitton 2000; Wendel 2000) . Numerous to adapt to new ecological niches or enhance their agstudies have also demonstrated that polyploidy has been ricultural performance (Levin 1980; Osborn et al 2003) . significant in the evolution of many vertebrates and Allopolyploidy is prominent in plants, particularly in other eukaryotes (Wolfe and Shields 1997; Pebusque agriculturally important crops (Salamini et al. 2002 (Salamini et al. ). et al. 1998 . Polyploids are often classified into allopolyOne of these, bread wheat (Triticum aestivum), origiploids, resulting from interspecific hybridization of two nated by hybridization of cultivated allotetraploid emfully differentiated genomes, or autopolyploids, arising mer wheat (T. turgidum ssp. dicoccum, 2n ϭ 4x ϭ 28, from intraspecific chromosome doubling (Stebbins genomes AABB) with diploid Aegilops tauschii (2n ϭ 2x ϭ 1947). Both modes of polyploidization result in duplica-14, genome DD; Kihara 1944; McFadden and Sears tion of genetic loci and, in allopolyploids, in the creation 1946). The latter has two subspecies: ssp. strangulata and of homeologous loci contributed by different donor ssp. tauschii (Van Slagern 1994) . For several isozymes, taxa at the time of polyploid formation. It has often been nearly fixed polymorphisms were detected between the asked why polyploids are so common and successful two subspecies and, in each case, only the Ae. tauschii (Soltis and Soltis 1999) . Leitch and Bennett (1997) ssp. strangulata allele was found in wheat (Nishikawa proposed that the success of polyploids is associated 1973; Jaaska 1978 Jaaska , 1981 Nishikawa et al. 1980) . Aegiwith their mode of formation and the extent of genetic lops cylindrica originated by hybridization of Aegilops caudivergence between the parents. Thus, polyploid species data (genome CC) with Ae. tauschii (Kihara 1931 ) and formed recurrently from genetically divergent parents is known to hybridize spontaneously with wheat (Gandicapture genomic diversity from multiple progenitor lyan and Jaaska 1980; Snyder et al. 2000) . of single-gene loci (Dvorak et al. 1988 ) and restriction
The remaining genomic DNA was isolated as follows. Leaf tissue was ground to a fine powder with a chilled mortar and pestle site variation of low-copy DNA (Talbert et al. 1998) in the presence of glass beads and liquid nitrogen. sampling of hexaploid, tetraploid, and diploid wheat.
Data analysis: Two measures of nucleotide polymorphism
We conclude that both T. aestivum and Ae. cylindrica 
anum, vavilovii, and yunnanense together with 203
Ae. tauschii lines (see supplemental data at http://www. genetics.org/supplemental/).
RESULTS

Nucleotide diversity at the Xwye838 locus:
The ampliNucleotide diversity at homeologous loci: Xwye838 fied region of the D genome consisted of 114 bp of and Gss sequences amplified from hexaploid Chinese coding and 133 bp of noncoding sequence. For both Spring and representing different wheat genomes were T. aestivum and Ae. tauschii, no indels were detected and compared. For each gene, two clearly defined haplothe only SNP observed within this region was a silent types that correspond to the A and D genomes were T-to-G transversion in the noncoding sequence. The T. identified (see below). The high number of differences aestivum accessions sampled are characterized by a vast observed between the homeologous loci suggests that preponderance of the T allele (frequency 0.984) with the missing haplotype representing the B genome the G allele detected in 7 of 79 lines of bread wheat (based on nullisomic/tetrasomic analysis) could be a (ssp. aestivum) from Iran and in 1 of 13 lines of club result of a lack of primer specificity. In the case of wheat (ssp. compactum) from Afghanistan. In contrast, Xwye838 a total of 50 substitutions were identified, with
Ae. tauschii was characterized by a preponderance of the an average of 1 substitution every 19 bp. A similar fre-G allele (frequency 0.948) with similar frequencies in quency of substitution was observed in the Gss sequence both the Ae. tauschii ssp. tauschii and ssp. strangulata (1/20 bp); however, the number of insertion/deletions genepools. The T allele was detected in two Ae. tauschii (indels) differed between the two sequences (7 for Xwyessp. strangulata accessions and seven ssp. tauschii ac-838 and 10 for Gss). On average, we detected 1 substitucessions. The presence of only two haplotypes in the tion/20 bp and one indel/84 bp of sequence between Ae. tauschii germplasm was unexpected and demonhomeologs. Estimates of divergence per synonymous strated a surprisingly low level of diversity ( ϭ 0.00086; nucleotide site, expressed as K s values, are 0.0623 for Table 3 ). Gss and 0.0971 for Xwye838 (no nonsynonymous substiNucleotide diversity at the Gss locus: To assay SNPs tutions were detected). This divergence between the at Gss, the D-genome sequence of a 326-bp region con-A-and D-genome loci was exploited in the design of sisting of 117 bp of coding, 51 bp of noncoding, and genome-specific primers at each locus. The D-genome 158 bp of the 3Ј untranslated region was determined. specificity of the primers was verified with Chinese
The overall organization of sequence polymorphism in Spring nullisomic-tetrasomic lines.
Gss is shown in Figure 1 . The polymorphism can be Primers amplifying products specific for the D genome grouped into 12 distinct haplotypes, 11 of them present were subsequently used to analyze sequence diversity in in Ae. tauschii (Table 1) . Seven indels were located in either the noncoding or 3Ј untranslated regions with a total of 564 T. aestivum lines that included free-thresh- The primary purpose of this study was to develop nonsynonymous substitutions (Figure 1) . Two distinct D-genome-specific PCR primers and to use them to dehaplotypes (1 and 6) were found among the 528 lines termine the number of distinct lineages present in the of T. aestivum. Haplotype 1 predominates and is found allopolyploids T. aestivum and Ae. cylindrica. The orgaat a moderate frequency in Ae. tauschii and Ae. cylindrica nization of sequence polymorphism and haplotype (Table 1) , whereas haplotype 6 was detected in only 7 content at two homeologous loci involved in wheat of the 70 accessions of bread wheat sampled from Iran; starch biosynthesis was determined and used to amplify this haplotype is very distinct from all the others, with D-genome-specific sequences. 12 unique variants (Figure 2) dant there; the principal area of its distribution is Tura comparison with the B genome, the likelihood of homeologous recombination generating haplotype 6 is key, Kazakhstan, Uzbekistan, and Turkmenistan (Van Slagern 1994). Haplotype 6 differs at 16 nucleotide low and it is more plausible that haplotype 6 was contributed to wheat by an Ae. tauschii population that was positions (13 SNPs and three insertions/deletions) from haplotype 1 and differs from the corresponding A-and absent from our sample of 198 accessions. At both loci, the polymorphism in wheat consisted of D-genome sequences detected in Chinese Spring by 20 substitutions and seven indels and 11 substitutions and one common and one rare sequence. Both rare haplotypes were present in a limited number of wheat lines four indels, respectively. Since T. aestivum is no more than 8000 years old (Nesbitt and Samuel 1996) , haplofrom Iran and a single accession from either Afghanistan or Turkey; only one accession harbored rare haplotype 6 cannot have evolved from haplotype 1 after the formation of wheat. Although we are unable to make types for both Xwye838 and Gss. The nature of the poly- All statistics were calculated without introns where n is the number of sequences, s is the number of segregating sites, is the average pairwise diversity, is the diversity based on the number of segregating sites, and D is Tajima's test for neutrality. * and ** correspond to significance of P Ͻ 0.05 and 0.10 Ͼ P Ͼ 0.05, respectively. Subscript s and n correspond to silent and nonsynonymous sites, respectively. morphism detected at both loci in T. aestivum suggests that the Gss haplotype 6 may be present in some Ae. tauschii populations that were not sampled. that this polymorphism originated relatively recently via a tetraploid wheat ϫ Ae. tauschii hybridization event
To our knowledge, this study represents the most extensive sequence-based haplotype analysis conducted rather than via mutation. Gene flow from Ae. tauschii into T. aestivum via hexaploid wheat ϫ Ae. tauschii to date for any member of the Triticeae. The only other published study of nucleotide diversity at homeologous hybrids is unlikely (Dvorak et al. 1998a,b) . On the basis of previous RFLP analysis (Dvorak et al. 1998a,b) , the loci is from allotetraploid Gossypium (Small et al. 1999) , which identified low levels of diversity, reflecting haplotype data obtained here, and the highly selfpollinating, homozygous nature of the species being a history of severe bottlenecks associated with speciation and recent domestication. The availability and exploitastudied, one can reasonably conclude that at least two Ae. tauschii sources contributed germplasm to the D tion of genome-specific amplicons together with sequence analysis will provide further impetus to investigenome of T. aestivum. The present study also establishes that the genepool of the D genome in Ae. cylingate the evolutionary dynamics of speciation (Brumfield et al. 2003) and the mode of polyploid formation in drica must also be a product of multiple hybridizations involving Ae. tauschii since both haplotypes detected in plants such as wheat (Blake et al. 1999) . For example, the methods outlined here for the D genome can be Ae. cylindrica are present in Ae. tauschii. This recurrent pattern of polyploidization has also been demonstrated extended and used to investigate the structure of genetic variation in the wheat genome, particularly in relation for Ae. triuncialis (2n ϭ 4x, genomes UUCC) (Wang et al. 1997) and suggests that this mode of origin may be a to the number of genetically divergent lineages involved in the formation of AABB tetraploid wheat. widespread phenomenon in the Aegilops-Triticum alliance. rium neutral model at this locus, with an excess of rare species. This is compatible with the possibility (above)
